Cutaneous leishmaniasis is a neglected tropical disease, causing a spectrum of clinical manifestations varying from self-healing to unhealing lesions that may be very difficult to treat. Emerging evidence points to a detrimental role for neutrophils during the first hours following infection with many distinct Leishmania species (spp.) at a time when the parasite is in its nonreplicative promastigote form. Neutrophils have also been detected at later stages of infection in unhealing chronic cutaneous lesions. However, the interactions between these cells and the replicative intracellular amastigote form of the parasite have been poorly studied. Here, we show that Leishmania mexicana amastigotes are efficiently internalized by neutrophils and that this process has only a low impact on neutrophil activation and apoptosis. In neutrophils, the amastigotes were found in acidified vesicles. Furthermore, within cutaneous unhealing lesions, heavily infected neutrophils were found with up to 6 parasites per cell. To investigate if the amastigotes could replicate within neutrophils, we generated photoconvertible fluorescent parasites. With the use of flow cytometry imaging and time-lapse microscopy, we could demonstrate that a subset of parasites replicated within neutrophils. Overall, our data reveal a novel role for neutrophils that can act as a niche for parasite replication during the chronic phase of infection, thereby contributing to disease pathology.
Introduction
Leishmania spp. are protozoan intracellular parasites causing leishmaniasis, a spectrum of neglected tropical diseases ranging from localized cutaneous to deadly visceral forms. Flagellated infectious metacyclic promastigotes are deposited in the host skin by the bite of an infected female sand fly. Parasites rapidly localize within recruited neutrophils and eventually reside in macrophages. Within macrophages, promastigotes transform into amastigotes, the nonflagellated, replicative form of the parasites, where they proliferate. Protection against the disease is linked to the development of CD4 + T cells secreting IFN-g that induce macrophage microbicidal activity [1] . Some amastigotes can, however, escape macrophage killing and proliferate within PV, contributing to parasite persistence within lesions [2] . There is currently no efficient vaccine preventing leishmaniasis.
Neutrophils are rapidly recruited following infection with various Leishmania spp. promastigotes [3] [4] [5] [6] [7] . They are the first cells to get infected as they phagocytose promastigotes, accounting at the site of infection for .80% of total infected cells, 24 h after Leishmania major or L. mexicana intradermal injection [4, 7, 8] . Macrophages can either phagocytose apoptotic neutrophils harboring live promastigotes [9, 10] and/or free parasites released from neutrophils [4] . The neutrophil responses upon promastigote encounter are broad and vary depending on the Leishmania spp. They may include induction of the oxidative burst, degranulation, and NET formation, as recently reviewed in Hurrell et al. [11] . Furthermore, neutrophils can release cytokines and chemokines [12] that can affect the local microenvironment, as shown following infection with different Leishmania spp. in both humans and mice [9, 13, 14] . The importance of neutrophils in early disease events was highlighted in multiple studies using either neutrophil-depleting antibodies or neutropenic mice. The results were shown to vary depending on the Leishmania spp. and the genetic background of the host, reviewed in Hurrell et al. [11] and Carlsen et al. [15] . With the use of L. mexicana parasites, a New World Leishmania spp., we have previously shown that the early neutrophil recruitment following infection has a negative impact on disease outcome, contributing to the development of chronic lesions; associated absence of an efficient, protective immune response; and failure to control parasite load [7] .
Whereas early interactions between neutrophils and the infective Leishmania promastigotes have been studied extensively, very little data are available on the interactions between neutrophils and the intracellular amastigote form of the parasite within lesions. Neutrophils were found in both human and murine cutaneous lesions. In humans, they were detected in lesion smears of Leishmania braziliensis patients [14] and detected by microscopy in tegumentary leishmaniasis patient lesion biopsies [16, 17] . In addition, up-regulation of a pattern of neutrophil attracting chemokines was observed by transcriptional profiling of biopsy specimens with chronic dermal lesions as a result of infection with Leishmania panamensis and L. braziliensis, strongly suggesting the presence of neutrophils in these lesions [18, 19] . In mice, the presence of neutrophils was reported in lesions of unhealing L. major LV39-infected BALB/c mice [3] , in lesions of infected L. major Seidman C57BL/6 mice [20] , and in unhealing lesions of C57BL/6 mice coinfected with L. major Friedlin and lymphocytic choriomeningitis virus [21] . Neutrophils were also observed in lesions of Leishmania chagasi-infected dogs [22] . Altogether, these findings suggest that neutrophils play a role in the pathogenesis of cutaneous Leishmania lesions. The biologic relevance for the presence of neutrophils and subsequent interactions with amastigotes within chronic cutaneous lesions in leishmaniasis, however, still remain largely unknown.
Here, we aimed at investigating the interactions between neutrophils and amastigotes in vitro and in chronic L. mexicana lesions of C57BL/6 mice. We first showed that L. mexicana amastigotes were efficiently internalized by neutrophils in vitro and that amastigote internalization only had a minor impact on neutrophil viability and activation. Neutrophils present in chronic ear lesions were heavily infected, and 70% harbored .2 intact amastigotes per cell. With the use of newly generated photoconvertible L. mexicana parasites, we could demonstrate that amastigotes can replicate ex vivo within neutrophils.
MATERIALS AND METHODS

Ethics statement
All procedures involving human blood were conducted according to the principles specified in the Declaration of Helsinki. All healthy donors provided informed consent, and the study was approved by the Swiss Ethical Committee of the State of Vaud (CER-VD 2017-00182). The data were analyzed anonymously. All animal experimental protocols were approved by the Veterinary Office Regulations of the State of Vaud, Switzerland, (Authorization 1266.6-8, to F.T-C.) and performed in compliance with Swiss ethic laws for animal protection.
Mice
WT C57BL/6 mice were purchased from Envigo (Cambridgeshire, United Kingdom) and bred under specified pathogen-free conditions at the Epalinges Center. Five-to 10-wk-old females (to prevent potential variations as a result of sex hormones) were used for the experiments.
Parasites
L. mexicana (MYNC/BZ/62/M379) WT; L. mexicana DsRed, generated as previously described [23] 
Promastigote and amastigote preparations and infections
Infectious metacyclic parasites were prepared from confluent stationary-phase parasites by Ficoll gradient density centrifugation (Sigma-Aldrich), as previously described [7] . For in vivo infections, 1 3 10 6 metacyclic parasites were needle inoculated in iDMEM into the ear dermis (10 ml), and lesion development was measured weekly using an electronic caliper. Lesion score was established as previously described [25] . In brief, naïve ears have a score of 0; the first signs of inflammation (redness) give the score 0.5. As soon as a lesion is detectable, the length, width, and thickness of the lesions are measured, and the highest value is used to assign a score for each increment of 0.5 mm. A score of 8 signifies tissue destruction. AxAma were obtained after incubation of stationary-phase parasites at 34°C for 3 d in complete M199 medium, supplemented with 50 mg/ml Hygromycin B (Sigma-Aldrich), 10% sodium phosphate buffer 100 mM, pH 5.5, and 10% heat-inactivated FCS. Lesion-derived amastigotes were isolated from lesions of mice infected subcutaneously for .8 wk after mechanical tissue disruption in 13 MEG buffer. In brief, tissue debris was washed away, and parasites were filtered through 40, 8, and 5 mm filters (all BD Falcon; BD Biosciences, San Jose, CA, USA); washed 3 times in the working medium; and used for the experiments. Macrophage-derived amastigotes were used in designated experiments. In brief, BM-derived macrophages were incubated with either L. mexicana or L. major stationary parasites at an MOI of 10 at 37°C for 2 h. Free parasites were washed away and adherent macrophages further incubated for 72 h at 37°C. Macrophages were then lysed with 0.1% SDS, and released amastigotes were washed before use. The purity of each parasite preparation (.99%) was assessed by microscopy before use.
Immune serum and parasite opsonization
Female C57BL/6 mice were inoculated in iDMEM with 1 3 10 6 metacyclic parasites in the hind footpad in a final volume of 50 ml. Blood was collected .8 wk postinfection and serum isolated by centrifugation, heat inactivated (30 min at 56°C), and stored at 220°C. In experiments involving opsonization of amastigotes, parasites were incubated for 30 min at 26°C with 1, 5, or 10% of immune serum before being used in the experiments.
Photoconversion
Violet light at 405-430 nm wavelength for photoconversion was obtained by assembling 4 light-emitting diodes (Strato AG, Berlin, Germany) together on an electronic plate. Free parasites or infected neutrophils were photoconverted in 50 ml in a 96-well plate, mounted 2 cm on top of the diodes. Before the experiments, illumination time was calibrated to increase the Red/ Green fluorescence ratio in photoconverted parasites and set at 120 s/well (used in all experiments). Photoconverted parasites were analyzed at the indicated times postconversion, by flow cytometry, imaging flow cytometry, or fluorescent videomicroscopy, all without UV laser. In some experiments, parasites were incubated with 0.01% NaN 3 to inhibit parasite proliferation. All incubated photoconverted samples were analyzed side by side with a nonconverted and just-converted sample.
Neutrophil isolation
Mouse neutrophils were isolated from the BM of naive female C57BL/6 mice. In brief, BM neutrophils were isolated by negative or positive MACS selection (Miltenyi Biotec, Bergisch Gladbach, Germany), following the manufacturer's instructions. Neutrophil purity (.95%) was assessed for each experiment by performing a cytospin assay. Human neutrophils were isolated from peripheral venous blood of healthy volunteers. Density gradient centrifugation using PolymorphPrep (Progen Biotechnik, Heidelberg, Germany) was performed, and remaining RBCs were lysed using ACK buffer. Neutrophil purity (.95%) was assessed for each experiment by performing a cytospin assay.
Neutrophil coincubation with parasites
For coincubation experiments, neutrophils were plated in complete RPMI 1640 supplemented with 10% heat-inactivated FCS and let sediment 30 min at 37°C before adding the parasite preparations. Neutrophils were then cultured with transgenic fluorescent promastigotes or amastigotes at a MOI of 2 for 2 or 18 h at 37°C, unless stated differently. When indicated, free parasites were washed away 3 times in 13 PBS before further incubation. Following incubation, neutrophils were collected for the selected readout. In experiments analyzing parasite loads, LDAs were performed as described previously [3] .
Flow cytometry
Neutrophils were collected after incubation times and processed for flow cytometry analysis. Parasite-infected neutrophils were identified based on the DsRed, Kikume Green, or Kikume Red positivity, depending on the used transgenic parasites. To measure neutrophil activation, neutrophils were further stained with CD62L. To measure oxidative burst, neutrophils and parasites were coincubated with 1 mM of the free radical sensor DHR123 molecular probe (Thermo Fisher Scientific, Waltham, MA, USA), emitting Green fluorescence when oxidized, used according to the manufacturer's conditions. As a positive control, neutrophils were coincubated with 1 mM PMA, (Roche). To analyze neutrophil apoptosis, neutrophils were further stained with AnV, according to the manufacturer's conditions and DAPI just before analysis. Infected ears were isolated and processed to single-cell suspensions. In brief, ears were recovered, homogenized in iDMEM containing 0.2 mg/ml Liberase TL (Roche) for 2 h at 37°C, and then filtered using 40 mm filters (BD Falcon; BD Biosciences). Cells were then further stained with CD45, Gr1, and Ly6C, and the neutrophil infection rate was identified based on the DsRed positivity of neutrophils. All stained cells were analyzed using a BD LSRFortessa system (BD Biosciences). Analysis was performed using FlowJo software (Tree Star, Ashland, OR, USA). The following antibodies and reagents were used: Ly6G-FITC, Ly6C-FITC, and CD45-PerCP-Cy5.5 (BD Biosciences); CD62L-PE-Cy7 (BioLegend, San Diego, CA, USA); AnV-PE-Cy7 and Gr1-APC (eBioscience, San Diego, CA, USA); and DAPI (Sigma-Aldrich).
Intracellular localization of amastigotes
At the indicated times after neutrophil and parasite coincubations, LysoSensor Green DND-189 (Thermo Fisher Scientific) was added to a final concentration of 1 mM to the culture, and cells were further incubated for 15 min at 37°C and 5% CO 2 . Neutrophils were then transferred into a poly-L-lysinecoated microslide (m-Slide VI 0.4 ; Ibidi, Munich, Germany) and analyzed by confocal laser-scanning microscopy (TCS SP8; Leica Microsystems, Buffalo Grove, IL, USA). With excitation (458 nm) and 491-526 nm emission, mKikume was photoconverted, as described before acquisition, and detected at 561 nm excitation and 571-620 nm emission. Image analysis was performed with ImageJ software (NIH, Bethesda, MD, USA). To determine the LysoSensor staining around the parasites, the distance between the halfmaximal L. mexicana mKikume signal and the quarter-maximal LysoSensor signal was determined from fluorescence profile plots. As a negative control, the protonophore carbonyl cyanide 3-CCCP (Sigma-Aldrich) was additionally added to a final concentration of 1 mM to the cell culture before incubation.
Imaging flow cytometry
All samples were analyzed on an ImageStream cytometer (Amnis; Millipore Sigma, Billerica, MA, USA) at low speed and highest magnification (603). Fifteen thousand events were acquired, based on area and aspect ratio of the brightfield, leaving out debris and free parasites from the acquisition. Data were analyzed in the IDEA software. Internalized vs. noninternalized parasites were defined using the internalization of the bright parasite spots within the membrane marker mask. The number of parasites per neutrophil was defined using the spot count within the parasite channel feature. Further analysis using ImageJ software (NIH) was used for Red/Green ratio calculation and analysis. The following reagents were used: Ly6G-FITC, Ly6C-FITC, and CD45-PerCP-Cy5.5 (BD Biosciences) and Gr1-APC-Cy7 (eBioscience).
Time-lapse videomicroscopy
Poly-L-lysine-coated m-Slide 8-well ibiTreat chambers (Ibidi) and Phenol Redfree complete RPMI 1640 medium were used. Time-lapse microscopy was performed on a Zeiss inverted microscope (Axio Observer Z1 motorized), equipped with an environmental chamber for temperature, humidity, and 5% CO 2 with a 633 oil objective (EC "Plan-Neofluar" 633/1.5 Oil M27) and a Photometrics camera (CoolSNAP HQ 2 ). Neutrophils were identified based on the brightfield, Kikume Red in the Rhodamine channel, and Kikume Green in the GFP channel. A picture was taken every 30 min. Quantitation of fluorescence intensities was performed using ImageJ software.
Statistical analysis
All P values were determined using Prism software (GraphPad Software, La Jolla, CA, USA) using the Student's t test for unpaired data. A linear regression was performed to analyze Red/Green ratios. The degree of significance is indicated (see figure legends) .
RESULTS
L. mexicana amastigotes are internalized by neutrophils in vitro
We first investigated if L. mexicana amastigotes were internalized by neutrophils compared with promastigote uptake in vitro. We exposed C57BL/6 BM-sorted neutrophils to DsRed-expressing L. mexicana AxAma for 18 h at an MOI of 2 and performed flow cytometry analysis. Following exposure to metacyclic promastigotes, 14% of neutrophils internalized parasites. Amastigotes also infected neutrophils but less efficiently (7%; Fig. 1A ). By the time chronic lesions develop, the parasite-specific adaptive immune response and associated B cell-derived antibodies are in place [26] . In line with this, prior opsonization of amastigotes with increasing concentrations (1-10%) of immune serum isolated from a chronically infected mouse increased the neutrophil infection rates. Amastigote internalization increased to 12.5 and 14% when opsonized, respectively, with 5 and 10% immune serum, values that are comparable with the ones observed following exposure to promastigotes (Fig. 1A) . Thereafter, we used amastigotes opsonized with 10% immune serum. With the use of imaging flow cytometry, amastigote internalization was analyzed both quantitatively and qualitatively. A small frequency of neutrophils harbored parasites external to the cell surface, and these were excluded from the analysis ( Fig. 1Ba and Ca). Analysis of infected neutrophils revealed that both promastigotes and opsonized amastigotes were efficiently internalized. Over 70% of neutrophils internalized either 1 promastigote (Fig. 1Bb ) or 1 amastigote (Fig. 1Cb) , with a minority harboring 2 or more parasites ( shown quantitatively in Fig. 1D . As AxAma may differ from lesionderived amastigotes [27] , experiments were repeated using freshly isolated lesion-derived amastigotes. Neutrophil internalization of lesion-derived amastigotes was also less efficient than that of metacyclic promastigotes (Fig. 1E ), but opsonization of the amastigotes led to a similar internalization rate than that of promastigotes (Fig. 1F) . Similar data were also obtained using intracellular amastigotes isolated from macrophages infected in vitro (data not shown). Collectively, our results reveal that when opsonized with immune serum, neutrophils internalize L. mexicana amastigotes as efficiently as metacyclic promastigotes in vitro. Furthermore, L. mexicana amastigotes were even more efficiently internalized by blood-derived human neutrophils in the absence of serum with increasing uptake linked to the MOI ( Fig. 1G and H) . Thus, our findings indicate that both mouse and human neutrophils can efficiently uptake L. mexicana amastigotes in vitro.
L. mexicana amastigote uptake has a minimal impact on neutrophil activation
Infection of neutrophils with Leishmania spp. promastigotes may affect neutrophil apoptosis in a positive or negative way depending on the strain of parasites or source of neutrophils used [7, 8, 28, 29] . Infection with opsonized amastigotes triggered a small increase in early apoptosis (AnV + DAPI 2 ) and late apoptosis/necrosis (AnV + DAPI + ) in neutrophils, 18 h postinfection ( Fig. 2A) . Nevertheless, ;90% of infected neutrophils were alive (AnV 2 DAPI 2 ; Fig. 2B) , showing that L. mexicana amastigotes are only weak inducers of neutrophil apoptosis.
CD62L is a cell-adhesion molecule down-regulated upon activation. Analysis of CD62L expression on infected neutrophils and bystander (uninfected but parasite exposed) neutrophils revealed that ,30% of infected neutrophils were activated (Fig.  2C) , with 70% of infected neutrophils not down-regulating CD62L surface expression (Fig. 2D ). Oxidative burst is another hallmark of neutrophil activation. ROS production was analyzed by flow cytometry, measuring oxidation of the DHR123 probe in bystander vs. amastigote-infected neutrophils. Amastigote internalization did not trigger ROS production either in bystander or in infected neutrophils, whereas as expected, exposure of neutrophils to PMA induced efficient ROS production ( Fig. 2E  and F) . Collectively, these data reveal that internalization of L. mexicana amastigotes in vitro only has a mild effect on neutrophil apoptosis and activation.
Lesion-derived neutrophils harbor multiple parasites
To investigate neutrophil-amastigote interactions within localized cutaneous unhealing lesions, female C57BL/6 mice were needle inoculated in the ear dermis with 1 3 10 6 metacyclic DsRed expressing L. mexicana parasites, and lesion development was assessed weekly (Fig. 3A) . The ear was isolated 10 wk postinfection at a time when a defined unhealing, cutaneous lesion is present (Fig. 3B) . Flow cytometry revealed that 6-10% of CD45 + hematopoietic lesion-derived cells were (Gr1 + Ly6C int ) neutrophils (Fig. 3C) . Furthermore, an elevated frequency (70%) of lesion-derived neutrophils were DsRed + , thus containing L. mexicana amastigotes (Fig. 3C and D) . We further analyzed the number of parasites within infected neutrophils by imaging flow cytometry (Fig. 3E and F) . In sharp contrast to our in vitro data, the majority of neutrophils harbored 2 or over 3 intact internalized amastigotes (Fig. 3E) , reaching, in rare cases, 6 intact amastigotes within neutrophils (data not shown).
Furthermore, the viability of lesion-derived neutrophils was assessed by flow cytometry, revealing that similar to our in vitro data, ;80% of neutrophils were alive (AnV 2 DAPI 2 ; Fig. 3G and H). These findings show that within lesions, neutrophils are present, alive, and harbor an elevated number of amastigotes. 
L. mexicana amastigotes survive and reside within neutrophil acidic vesicles
We observed multiple amastigotes within neutrophils in chronic L. mexicana lesions, and amastigotes were often detected close to each other in a linear manner within neutrophils. In addition, neutrophils were poorly activated by L. mexicana amastigotes, with ;90% of infected neutrophils as nonapoptotic in vitro. The mean L. mexicana amastigote-doubling time within axenic cultures is estimated to be ;16 h, whereas that observed in murine macrophages was previously reported to be ;33 h [30] . To investigate if amastigotes could replicate within neutrophils ex vivo, we infected neutrophils for 2 h with L. mexicana amastigotes, washed away extensively free parasites, and further incubated the infected neutrophils for 3, 24, or 48 h (Fig. 4A) . During the first 24 h, a proportion of L. mexicana amastigotes was killed over time, but between 24 and 48 h, the number of live amastigotes did not decrease further, as analyzed following LDA (Fig. 4B) . Similar experiments performed with L. major amastigotes also revealed the presence of live parasites, 24 and 48 h postinfection. However, the amastigote number in neutrophils was 103 lower for L. major than L. mexicana, 48 h postinfection (Supplemental Fig. 1 ). These data suggest that there exist differences in survival and/or replication between amastigotes of these 2 Leishmania spp. We subsequently analyzed the frequency of L. mexicana amastigotes per neutrophil after 48 h of incubation. In line with our in vivo data, the majority of neutrophils (80%) harbored 2 or over 3 intact amastigotes ( Fig. 4Cb and c, respectively) , with only a minority (20%) of neutrophils harboring 1 amastigote (Fig. 4Ca) , as shown quantitatively in Fig. 4D . These results suggest that similar to what we observed in chronic lesions of L. mexicana-infected mice, neutrophils harbor multiple amastigotes when left 48 h in culture, suggesting that some intracellular parasites may replicate within these cells.
L. mexicana amastigotes are known to replicate in large communal, acidified parasitophorous vesicles, with an acidic pH that favors amastigote intracellular replication within macrophages. To investigate if amastigotes also reside in large acidic compartments within neutrophils, BM-derived, MACS-purified neutrophils were infected with L. mexicana at an MOI of 2, washed, and left in culture for 24 or 48 h before analysis. Acidic compartments were then stained with the pH-sensitive LysoSensor Green probe. Confocal laser-scanning microscopic analysis revealed that the parasite (red) resides in an acidic vesicle within neutrophils. Twenty-four hours after initial incubation, the distance between acidic boundaries and the parasite membranes was relatively tight (Fig. 5A and B, upper) , as quantified in Fig.  5C . To validate the LysoSensor specificity, treatment with the CCCP protonophore was used to abolish LysoSensor staining (Fig. 5A, lower) . Forty-eight hours after neutrophil infection, enlargement of the acidic compartment containing the amastigote was observed (Fig. 5D ) and further quantified (Fig. 5E , upper, and F). Taken together, these data show that L. mexicana amastigotes reside within neutrophil acidic compartments that enlarge over time, somehow resembling macrophage large communal PV that develops following infection with parasites of the L. mexicana complex. Collectively, these findings suggest that L. mexicana amastigotes reside within neutrophil acidic compartments.
To determine firmly if amastigotes replicated within neutrophils, we generated a strain of L. mexicana (Lmex SWITCH ) parasites that constitutively express the photoconvertible GFP mKikumeGR under a ribosomal promoter [24] . The use of parasites expressing this photoconvertible protein is a very efficient approach for tracking pathogen proliferation [31] . Lmex SWITCH parasites constitutively express Green fluorescence (520 nm emission), which is converted to almost-complete Red fluorescence (580 nm emission) by a pulse of violet light (405 nm).
FRAC in photoconverted Lmex
SWITCH parasites is associated with parasite proliferation. The principle of FRAC is that upon parasite division, photoconverted Red proteins are diluted, as nonconverted Green mKikumeGR proteins are synthesized de novo. This change in fluorescence reflects the overall increase in protein synthesis required for parasite division (Fig. 6A) . We first analyzed FRAC by incubating photoconverted Lmex photoconversion. Photoconverted parasites recover back from Kikume Red to 77% of Kikume Green, 48 h postincubation (Fig.  6B) . Inhibition of parasite mitochondrial respiration by coincubating parasites with sodium azide (NaN 3 ) inhibited FRAC, confirming that FRAC analysis correlates with parasite proliferation (Fig. 6B, lower right) . We next examined whether FRAC was detectable for intracellular amastigotes within neutrophils. After 2 h of infection with Lmex SWITCH amastigotes (MOI of 2) in vitro, free parasites were washed away, and amastigotes within neutrophils were photoconverted and incubated further for 12, 24, and 48 h for flow cytometry analysis of FRAC (Fig. 6C) . Following incubation, 20% of the neutrophils were infected. FRAC was not observed following 12 and 24 h in neutrophils (data not shown). After 48 h, however, ;8% of neutrophils were infected with amastigotes that had recovered Kikume Green fluorescence, providing evidence that amastigotes divided within neutrophils. (Fig. 6D , right, and E). As controls, nonconverted and justconverted samples expressed, respectively, all Kikume Green or all Kikume Red fluorescence (Fig. 6D, left) .
Visualization of L. mexicana amastigote replication within neutrophils
To exclude the possibility that extracellular L. mexicana proliferation and subsequent uptake contributed to FRAC detected within neutrophils, we further analyzed and visualized amastigote FRAC distribution within neutrophils, 48 h after photoconversion and incubation by imaging flow cytometry. With the focus on 100 randomly chosen neutrophils, harboring 2 or more amastigotes, we separately calculated the ratio of photoconverted-tononconverted proteins for each amastigote within each neutrophil (Supplemental Fig. 2A and B) . If the parasites would have proliferated extracellularly and then entered the neutrophils, then we would have expected a broad distribution of FRAC rates within 1 neutrophil. However, the average distribution of amastigote Red/Green ratios was very narrow within a given cell (Supplemental Fig. 2C ). In line with this, we observed a very close correlation between the minimal and maximal amastigote Red/ Green ratios within a given cell, looking at all of the infected neutrophils (Fig. 7A) . These findings suggest that there is a cellintrinsic mechanism that dictates whether amastigotes recover Kikume Green fluorescence-a process that can be explained only by intracellular replication. We next classified neutrophils according to whether they contained high-proliferating (belowaverage Red/Green ratio) or low-proliferating (above-average Red/Green ratio) internalized amastigotes and found that there was a clear indication that a given neutrophil mostly contains either high-or low-proliferating amastigotes, as shown by the negative correlation observed between the number of parasites below and above the average Red/Green ratio (Fig. 7B) . Furthermore, the population of highly infected neutrophils (.4 amastigotes below-average Red/Green ratio) had the highest replication (Fig. 7B and Ca). Whereas the homogeneity of FRAC rates within many neutrophils suggested that the parasites originated from 1 single invasion event, some neutrophils harbored 2 amastigotes with dissimilar Red/Green ratios (Fig. 7Cb) or even 2 different groups of amastigotes with homogenous Red/Green ratios only within their respective group (Fig. 7Cc) . This was possibly a result of 2 amastigotes having invaded the neutrophils independently and thus, exhibiting dissimilar Red/Green ratios within the same cell.
When we scrambled the data, assigning each parasite to a random neutrophil (Supplemental Fig. 2D and E) , the correlation between the maximal Red/Green ratio (Fig. 7D) and the negative correlation observed between the number of parasites below and above the average Red/Green ratio was no longer observed (Fig. 7E) , further supporting the notion that the characteristic distribution of FRAC rates was a result of parasite replication within neutrophils.
To observe live parasite replication within neutrophils, we went on and imaged FRAC by time-lapse imaging in vitro. Neutrophils infected with Lmex SWITCH parasites were imaged 40 h after photoconversion and incubation in vitro. A representative field containing neutrophils imaged during 150 min is shown. Within the neutrophil shown, a photoconverted Red fluorescent amastigote changes to 2 Green fluorescent parasites over the Figure 7 . Visualization of L. mexicana amastigote proliferation within neutrophils. BM neutrophils were cocultured in vitro for 2 h at 37°C at an MOI of 2 with Lmex SWITCH AxAma. Free parasites were washed away 3 times, and internalized parasites were photoconverted for 2 min and further incubated for 48 h at 37°C for imaging flow cytometry analysis. One hundred randomly chosen neutrophils infected with .2 amastigotes were further analyzed. (A) Correlation between amastigote minimal and maximal Red/Green ratios within each neutrophil in a standard analysis (all parasites assigned to their host cell) or (D) in a scrambled analysis (all parasites assigned arbitrarily to a host cell). (B) Classification of neutrophils according to the internalized amastigote fluorescence, either above or below total average Red/Green ratio in a standard analysis or (E) in a scrambled analysis. (C) Representative images are shown of neutrophils harboring (a) 6 amastigotes below-average Red/Green ratio, (b) 1 above and 1 below-average Red/Green ratio, (c) 3 above-and 3 below-average Red/ Green ratio, and (d) 4 above-average Red/Green ratio. (F) BM neutrophils were cocultured in vitro for 2 h at 37°C at an MOI of 2 with Lmex SWITCH AxAma. Free parasites were washed away 3 times, and infected neutrophils were photoconverted for 2 min and further incubated for 40 h at 37°C. Neutrophils were then adhered on poly-L-lysine-coated microscopy chambers and pictured every 30 min for 150 min on a timelapse fluorescent microscope. Shown is a neutrophil harboring 1 Kikume Red amastigote dividing into 2 Kikume Green amastigotes (top) over the course of the imaging. Kikume Red (middle) and Kikume Green (bottom) fluorescences are also shown, and the dividing amastigote is circled. (G) Quantitation of the Kikume Red and Kikume Green variations within the dividing (circled) amastigote.
course of imaging, characteristic of FRAC (Fig. 7F, top) . Single fluorescence (Kikume Red or Kikume Green) is also shown (Fig.  7F, middle and bottom) , and the dividing amastigote is circled. We next quantified fluorescence variations within the dividing amastigote, which is to be expected as a result of dilution of the fluorescence protein between the 2 daughter cells [32] . Concomitantly, an increase of Kikume Green fluorescence occurred, which has previously been shown to be characteristic for parasite division events [31] (Fig. 7F and G) . Overall, these results demonstrate that L. mexicana amastigotes are able to replicate within neutrophils.
DISCUSSION
Neutrophils are rapidly recruited to sites of infection, where their primary function is to engulf and clear pathogens. To this end, they use a variety of very efficient weapons, ranging from the release of microbial compounds, induction of oxidative burst, and formation of NETs [33, 34] . However, emerging data reveal that several pathogens are able to escape killing by neutrophils and use these cells to establish infection [35] . Following Leishmania inoculation, neutrophils are massively and rapidly recruited to the site of parasite deposition [11, 15] , and several Leishmania spp. were shown to survive within these cells [7, [36] [37] [38] [39] . In addition, neutrophils are found later in infection within both human and mouse chronic cutaneous Leishmania inflammatory lesions [3, 7, 16, 17, 20, 21, 40] . Neutrophils, through the release of inflammatory mediators and the formation of NETs, can drive inflammation [41] . L. mexicana was reported to elicit locally the formation of NETs and to favor the differentiation of Th17 cells recruiting more neutrophils to the lesion [7, 42] . These 2 processes may participate in the development and persistence of L. mexicana lesions.
Here, we first showed that L. mexicana amastigotes were efficiently internalized by neutrophils-a process that occurred in opsonized or nonopsonized amastigotes, even though phagocytosis of opsonized amastigotes was more efficient in murine neutrophils. The frequency of internalization of amastigotes by human blood-derived neutrophils appeared greater than that of mouse BM-derived neutrophils, with a very high frequency of amastigote internalization (40% at an MOI of 2), in absence of opsonization. These differences likely result from the origin of neutrophils (BM-derived vs. peripheral-extravasated blood neutrophils), as dermal mouse neutrophils found within the lesion were also heavily infected, as well as the differences between human and mouse neutrophils.
Parasite uptake was relatively silent, as revealed by the absence of intracellular ROS induction by the parasite, low apoptosis, and high expression of CD62L on infected neutrophils. Some amastigotes were killed very rapidly by neutrophils after in vitro infection, despite the absence of ROS induction in infected neutrophils. However, a significant subpopulation of parasites survived within murine neutrophils. Inhibition of ROS induction is one of the strategies used by several microorganisms to survive within neutrophils [43] , but survival in the presence of ROS has been reported. For instance, amastigotes of the closely related Leishmania amazonensis spp. that also cause unhealing lesions in mice were shown to be internalized and survive within murine neutrophils in vitro. However, in contrast to L. mexicana, L. amazonensis induced neutrophil activation and ROS production, suggesting that the parasites were resistant to neutrophil killing mechanisms [38] . L. braziliensis amastigotes were also internalized by murine neutrophils in vitro; however, in sharp contrast to L. mexicana and L. amazonensis, neutrophils efficiently killed the parasites, at least in vitro [44] . These studies suggest that distinct parasite factors may differently impact neutrophil effector functions. Taken together, these and the present data show that amastigotes are internalized by murine neutrophils and that at least in vitro, a significant proportion of amastigotes from several Leishmania spp. are able to survive within neutrophils.
Neutrophil exposure to Leishmania amastigotes in vitro does not include either the cell-cell interactions or the inflammatory factors present at the site of infection. Furthermore, during chronic inflammation, the neutrophil lifespan has been reported to be significantly extended [45, 46] . Therefore, we sought to corroborate our in vitro observations in vivo. Consequently, we found that .70% of the neutrophils present in chronic lesions were infected. In contrast to our in vitro findings, the majority of neutrophils remarkably harbored 2 or more parasites. Furthermore, alignment of amastigotes within a given neutrophil, as well as the low levels of apoptotic markers found on lesion-derived neutrophils, suggested possible replication within these cells. In line with this, L. mexicana amastigotes were found in neutrophil acidic compartments, a milieu known to be best for amastigote replication. In addition, the size of the intracellular compartment increased with the time of infection, suggesting that L. mexicana parasites reside in large vesicular compartments within neutrophils, reminiscent of the giant PVs observed within L. mexicana parasitized macrophages [47, 48] . These communal PVs are thought to dilute potential host-derived toxic compounds, thus favoring parasite replication. The replication of L. mexicana amastigotes in neutrophils may be linked to the formation of these communal PV.
There likely exist differences between distinct Leishmania spp., as far as their potential for replication within neutrophils. For instance, amastigotes from L. braziliensis are rapidly killed by neutrophils; thus, parasites will not use these cells to replicate [44] . Here, we show that 48 h after infection in vitro, 103 less L. major (LV39) than L. mexicana amastigotes were present in C57BL/6 neutrophils. Collectively, these data reveal potential differences in amastigote survival/replication among several Leishmania spp.
In addition, other Leishmania spp. have developed distinct strategies to survive within neutrophils and may also replicate in these cells. For instance, Leishmania donovani parasites establish in neutrophils in a compartment resembling endoplasmic reticulum-like structures, where they are protected from degradation. This process is linked to their surface expression of lipophosphoglycan [37] . In addition, following L. donovani and L. major engulfment, phagosomes do not fuse with tertiary and specific granules and thus, do not have acidified phagosomes [49] , in contrast to what is observed here following engulfment of L. mexicana by neutrophils. The generation of photoconvertible Leishmania SWITCH for different Leishmania spp. will help determine if other Leishmania spp. also use neutrophils to replicate. Neutrophils are also playing important roles in experimental visceral leishmaniasis [6, 50, 51] , and a recent study reported the presence of immature neutrophils with impaired oxidative burst in the blood of visceral leishmaniasis patients [52] . Replication of Leishmania amastigotes within these neutrophils would also contribute to parasite burden in this setting.
Although macrophages are the main niche for parasite replication, we provide in vivo evidence that neutrophils are present and parasitized in the chronic phase of infection. Within the L. mexicana lesion, 10-20% of all infected cells are neutrophils; other major infected cells are monocytes and macrophages. The interaction between neutrophils and macrophages depends on the apoptotic status of neutrophils, the Leishmania spp., as well as host genetic factors [53] [54] [55] . Neutrophils were reported to enhance the ability of macrophages to kill L. amazonensis [56] and L. braziliensis [5] . Within L. mexicana lesions, neutrophils were found to express low levels of apoptotic markers; however, these cells eventually should become apoptotic and phagocytosed by macrophages, thus impacting on macrophage function. Therefore, the transient replication of amastigotes within neutrophils may be beneficial for the parasites, allowing them to escape enhanced killing properties by macrophages, resulting from phagocytosis of apoptotic neutrophils, or neutrophil-released factors. With the use of heavy-water labeling, it was recently reported that the replication rate of lesion amastigotes was very slow, with an approximate doubling time of 12 d. However, in that study, the possibility that amastigotes exhibit a wide range of growth rates within lesions was suggested by the detection of a small number of hyperinfected macrophages corresponding to ;20% of the total macrophages [57] . Furthermore, that approach does not provide evidence of single parasite-resolved proliferation rates nor does it allow analysis of host cell-specific amastigote replication. Here, with the use of photoconvertible parasites, we observed heterogeneity of proliferation within neutrophils, suggesting that within the cutaneous L. mexicana-infected lesion, some neutrophils contain highly dividing amastigotes, whereas others contain amastigotes with lower proliferation rates.
Survival within neutrophils seems to be a strategy for several bacteria, fungi, and viruses to invade and disseminate into the host [35] . In addition, replication within neutrophils was reported for intracellular bacteria, including Francisella tularensis [58] ; Neisseira gonorrhoae [59] ; Gram-negative bacteria, such as Chlamydia pneumonia [60] ; and more recently, Yersina spp. [61] . West Nile virus, an ssRNA flavivirus, was also shown to replicate within mouse and human neutrophils in vitro, suggesting that neutrophils may also be a reservoir for these viruses early in infection, allowing viral spread [62] . However, in some of these studies, it is difficult to exclude that some of the microorganisms released by dead neutrophils in vitro replicated outside of the cell and reinfected neutrophils in vitro, altogether contributing to the elevated pathogen loads within neutrophils.
Several approaches have been established to determine pathogen proliferation in vivo. For Leishmania spp., heavy water labeling [57] and in vivo BrdU labeling [63] have been used to identify proliferating parasites by dilution of deuterium isotopes or by DNA synthesis, respectively. However, these approaches had only limited compatibility with single-cell analysis and antibody staining and did not permit in vivo validation of the readout through side-by-side comparison with the actual cell division events. Here, with the use of newly engineered photoconvertible parasites, we could circumvent these problems by combining the approach of cell division-associated dilution of a preformed fluorophore [32] with the measurement of de novo production of fluorescent protein under the control of a ribosomal promoter. As we had shown previously, the high stability of the photoconverted protein results in a strict correlation between the protein dilution rate and the number of cell divisions in individual pathogens, allowing the tracking of several sequential cell-division events [31] . With the use of this approach, we demonstrate that L. mexicana amastigotes can replicate within neutrophils ex vivo. Whether replication within a neutrophil is a result of intrinsic properties of a subset of amastigotes remains to be defined. Collectively, our findings strongly suggest that neutrophils may provide a transient reservoir for some Leishmania spp. within cutaneous lesions, altogether contributing to parasite persistence rather than clearance of the infection. The targeting of these cells in inflammatory lesions should be considered in treatment of this neglected disease. 
